A facile and efficient Rh(III)-catalyzed annulation of arylamides with 3-diazoquinolinediones for the construction of diverse and highly functionalized isochromenoquinolinediones is described.
Introduction
Molecules bearing isochromenones or quinolinones are widely found in bioactive natural products, synthetic molecules, and pharmaceuticals. 1, 2 They are also used as valuable building blocks for the synthesis of medicines and functional materials. 3, 4 Among them, isochromenones containing a sixmembered lactone ring possess potent biological functions such as anticancer, antimicrobial, anti-inammatory, anticoagulant, and anti-HIV activities (Fig. 1A) . 5 The nitrogencontaining heterocycles, quinolinones also have a broad range of biological properties including anticancer, antibiotic, antiviral, antibacterial, and antihypertensive activities ( Fig. 1B) . 6 Owing to their importance and usefulness, various approaches for the synthesis of isochromenones or quinolinones have been developed. The typical methods for the preparation of isochromenones include nickel-catalyzed decarbonylative addition of anhydrides to alkynes, 7 Rh(III)catalyzed reaction of phosphonium ylides or benzamides with diazocarbonyl compounds, 8 N-heterocyclic carbene/Lewis acidcatalyzed dimerization of 2-formylcinnamates, 9 and Ru(II)catalyzed electrooxidative [4 + 2] reaction of benzyl alcohols with alkynes. 10 The representative strategies for the synthesis of quinolinones include Rh-catalyzed C-H bond activation of anilines with CO and alkynes, 11 Rh-catalyzed decarbonylative coupling of isatins with alkynes, 12 Ru-catalyzed cyclization of anilides with propiolates or acrylates, 13 Pd-catalyzed cascade reaction of anilines with acrylates, 14 direct oxidation C-H amidation of amides. 15 In addition, Rh(III)-catalyzed annulation of benzamides with diazo compounds for isoquinolinones was reported (Scheme 1a). 16 Although a number of methods for the synthesis of isochromenones and quinolinones or isoquinolinones have been demonstrated, the direct construction of heterocycles bearing both isochromenones and quinolin-2ones are only reported sporadically. 17 Recently, the reported Pd(II)-catalyzed carbonylation of alkynes is one such example (Scheme 1b). 17 However, there is no example for the direct construction of highly functionalized isochromenoquinolinediones by Rh(III)-catalyzed annulation of unprotected arylamides with 3-diazoquinolinediones. As a part of our ongoing studies on the development of new synthetic methodologies for the construction of heterocycles utilizing diazo compounds, 18 this paper describes an efficient Rh(III)-catalyzed annulation of unprotected arylamides, isonicotinamide, thiophene-2-carboxamide, and indole-3carboxamide with various 3-diazoquinoline-2,4-diones for the construction of diverse and functionalized heterocycles bearing isochromenones and quinolinones (Scheme 1c).
Results and discussion
Our investigation commenced with the reaction of primary benzamide (1a) with 3-diazo-1-methylquinoline-2,4-dione (2a) in the presence of different catalysts, additives, and solvents ( Table 1 ). The initial reaction with 2.5 mol% [RuCl 2 (p-cymene)] 2 and 20 mol% Cu(OAc) 2 under reux in 1,2-dichloroethane for 12 h provided the N-H insertion product 3a 0 (48%), along with a trace amount of 3a (entry 1). However, with 2.5 mol% of [RhCp*Cl 2 ] 2 and 20 mol% Cu(OAc) 2 , 3a was isolated in 64% yield as the sole product (entry 2). Importantly, [RhCp*Cl 2 ] 2 showed superior catalytic activity than [RuCl 2 (p-cymene)] 2 for the synthesis of 3a. To our delight, an increase in the amount of Cu(OAc) 2 to 100 mol% improved the yield of 3a to 72% (entry 3). Encouraged by this result, we screened other additives such as CsOAc, AgNO 3 , AgSbF 6 , Ag 2 CO 3 , and AgOAc for this reaction, along with 2.5 mol% [RhCp*Cl 2 ] 2 (entries 4-8). Among these, AgOAc was found to be the best additive for this transformation. Importantly, increasing the amount of AgOAc to 200 mol% not only reduced the reaction time to 8 h, but also increased the yield of 3a to 84% (entry 9). However, decreasing the loading of AgOAc to 20 mol% decreased the yield of 3a to 52% (entry 10). In addition, decreasing the loading of [RhCp*Cl 2 ] 2 to 1.0 mol% in the presence of 200 mol% AgOAc provided 3a in 70% yield (entry 11). However, decreasing the reaction temperature to room temperature did not afford any product (entry 12). On the other hand, 3a was not obtained in the absence of AgOAc or [RhCp*Cl 2 ] 2 (entries [13] [14] . Further reactions using other nonpolar or polar solvents such as toluene, 2,2,2-tri-uoroethanol (TFE), acetonitrile, and ethanol provided 3a in lower yields (45-68%) (entries [15] [16] [17] [18] . The structure of 3a was identied by the analysis of its spectral data. The 1 H NMR spectrum of 3a revealed the characteristic N-methyl peak at d 3.80 ppm and 8 aromatic proton peaks at d 9.60, 8.40, 8.34, 7.86, 7.67, 7.89, 7.42, and 7.35 ppm. The 13 C NMR spectrum of 3a exhibited peaks due to the carbonyl carbon of a conjugated lactone moiety at d 160.7 ppm and a conjugated amide carbonyl carbon at d 160.2 ppm. The structure of 3a was further conrmed by single-crystal X-ray crystallographic analysis of the structurally related compound 3j (Fig. 2) .
With the optimized conditions in hand, we further explored the generality of the reactions by employing diversely substituted 3-diazoquinoline-2,4-diones 2b-2o (Table 2 ). The reactions of 1a with N-substituted 3-diazoquinoline-2,4-diones 2b-2h bearing N-chloropropyl, N-but-3-en-1-yl, N-benzyl, Nallyl, N-prenyl, N-cinnamyl, and N-trans,trans-farnesyl groups were successfully carried out to produce the desired products 3b-3h in 62-82% yields. In addition, reactions of other 3-diazoquinolindiones 2i-2o bearing various substituents on the benzene ring were successful. Treatment of 1a with 3-diazo-Nmethylquinolindione compounds 2i-2k bearing electrondonating groups such as 6-Me, 6-i-Pr, and 7-OMe provided the desired products 3i-3k in 74%, 81%, and 68% yields, whereas that with diazo compounds 2l-2o bearing electron-withdrawing groups such as 5-Cl, 6-Cl, 6-Br, and 7-Cl afforded the corresponding products 3l-3o in 79-85% yields.
To demonstrate the versatility of this protocol, further reactions of various benzamides 1b-1m with 3-diazo-Nmethylquinoline-2,4-dione (2a) were investigated (Table 3) . Treatment of 2a with benzamides 1b-1d bearing electrondonating groups such as 4-Me, 4-OMe, and 4-Ph on the benzene ring provided 4a-4c in 75%, 72%, and 78% yields, respectively, whereas the reactions with benzamides 1e-1i bearing electron-withdrawing groups such as 4-Cl, 4-Br, 4-COMe, 4-CO 2 Me and 4-CN afforded 4d-4h in 62-86% yields. However, the reaction of 1j bearing a strong electronwithdrawing -NO 2 group at 4-position of the benzene ring did not afford the expected product 4i. On the other hand, the reactions of ortho-substituted benzamides 1k and 1l with 2a afforded the desired products 4j and 4k in 76% and 74% yields, respectively. In addition, when 3,4-dichlorobenzamide (1m) bearing two electron-withdrawing groups on the benzene ring was allowed to react with 2a, the desired product 4l was produced in 84% yield. In this case, other possible regioisomers were not observed.
Aer demonstrating the generality and versatility of this methodology, we investigated the possibility of using other arylamides 1n-1p bearing polyaromatic and heteroatomic rings with diazo compounds (Scheme 2). For example, the reaction of 2-naphthamide (1n) with 2a or 2d provided 5 and 6 in 76% and 71% yields, respectively, while that of isonicotinamide (1o) bearing a N-heteroaromatic ring with 2a or 2l afforded the desired products 7 and 8 in 48% and 58% yields, respectively. On the other hand, treatment of thiophene-2-carboxamide (1p) bearing an S-heteroaromatic ring with 2a or 2j led to the formation of the expected products 9 and 10 in 62% and 63% yields, respectively. As an application of this protocol, diversely oriented polycyclic heterocycle 11 was next prepared in 62% yield employing 1-methyl-1H-indole-3-carboxamide (1q) with diazo compound 2a under standard reaction conditions (Scheme 3).
The chemoselectivity of the reactions of different benzamides with diazo compound 2a was investigated under standard conditions (Scheme 4). Treatment of two different benzamides 1a (0.5 mmol) and 1c (0.5 mmol) with diazo compound 2a (0.5 mmol) for 8 h afforded the products 3a and 4b in 40% and 28% yields, respectively (Scheme 4, eqn (1)). On the other hand, the reaction of benzamides 1a (0.5 mmol) and 1f (0.5 mmol) afforded 3a and 4e in 37% and 42% yields, respectively (Scheme 4, eqn (2)). These results indicated that benzamide 1f bearing the electron-withdrawing group on the benzene ring is more chemoselective than the unsubstituted Scheme 2 Construction of diverse fused heterocycles 5-10 bearing polyaromatic and heteroaromatics by the reaction of 1n-1p with 2a, 2d, 2l, or 2j. benzamide 1a and the benzamide 1c bearing electron-donating groups.
To elucidate the reaction mechanism, some deuterium labelling experiments were performed (Scheme 5). The H/D exchange experiment was rst carried out with 2.5 mol% Rh(III) and AgOAc (2 equivalents) of 1a (Scheme 5a). A signicant deuterium exchange (65%) was observed at each of the two ortho positions of the benzamide to afford the product 1a 0 . 19a This result suggested that the rhodation-proto(deuterio)derhodation process is reversible at the ortho positions. A kinetic isotope effect (KIE) experiment was next carried out (Scheme 5b). 19b A signicant primary KIE value (K H /K D ¼ 3.5) was observed via 1 H NMR analysis, which indicated that C-H bond cleavage occurs during the rate-determining step.
On the basis of the control experiments and available literature, 20 a plausible mechanism for the formation of 3a is depicted in Scheme 6. Initially, an active catalyst [RhCp*(OAc) 2 ] is generated through anion exchange from [RhCp*Cl 2 ] 2 and AgOAc. A coordination reaction between the activated catalyst Scheme 6 Reaction mechanism for the formation of 3a. by AcOH to yield the intermediate D, with regeneration of Rh(III) catalyst for the next catalytic cycle. Finally, rapid lactonization of D furnishes 3a. 21 The synthesized compounds were evaluated as uorescent sensor for sensing Fe 3+ ions. Currently, the use of uorescent molecular probes emitting in the visible region has become quite signicant and have attracted considerable attention in academic and industrial research. 22 Initially, the compound 4a (10 mM) was optimized in seven different solvents: 1,4-dioxane, dimethyl sulfoxide (DMSO), 1,2-dichloroethane (DCE), acetonitrile (ACN), dichloromethane (DCM), tetrahydrofuran (THF) and ethanol (EtOH) (Fig. S1 †) . Among these solvents, the compound 4a in 1,4-dioxane emitted the highest orescence maximum at 395 nm wavelength with intensity 3725 a.u. upon excitation at 350 nm. Hence, we examined the uorescent properties of some of the synthesized compounds, viz. 3a, 3g, 3j, 3l, 4a, 4c, 4d, 5, 7, and 10 in 1,4-dioxane. Interestingly, compound 4a emitted the highest uorescence intensity amongst all the compounds examined ( Fig. 3a) . Therefore, the uorescence response of 10 mM 4a was recorded against various metal ions in water (Fig. 3b ). Indeed, as indicated in Fig. 3b , among the different metal ions, the compound 4a selectively sensed Fe 3+ . Following this, the uorescence response of 4a (excitation at 350 nm) was examined against various concentrations of Fe 3+ (100 to 900 mM) in water (Fig. 4a ). The uorescent intensity of compound 4a was quenched linearly by increasing Fe 3+ concentration with a correlation coefficient (R 2 ) of 0.9961 (Fig. 4b) . Hence, the compound 4a can be utilized as a potent uorescence sensor for Fe 3+ ions.
Conclusions
In conclusion, we have developed an efficient protocol for the Rh(III)-catalyzed direct annulation of unprotected arylamides, isonicotinamide, thiophene-2-carboxamide, and indole-3carboxamide with various 3-diazoquinoline-2,4-diones to synthesize various isochromenoquinolinediones, pyridopyranoquinolinediones, thienopyranoquinolineones, and indolopyranoquinolinedione that can be widely used as a signicant building block for the synthesis of bioactive natural products and pharmaceuticals. This protocol provides a rapid access to fused analogs of isochromenones as a one-pot procedure, and has several advantages such as high atom economy, high regioselectivity, and good tolerance of various functional groups with good yields. In addition, the synthesized compounds showed potent turn-off uorescence sensing for Fe 3+ ion.
Experimental

General information
All the reactions were carried out under nitrogen atmosphere in a 25 mL two-necked round-bottom ask with magnetic stirring. Merck silica gel plates (Art. 5554) precoated with a uorescent indicator were used for analytical TLC analysis. Flash column chromatography was performed using silica gel 9385 (Merck). Melting points were determined using micro-cover glasses on a Fisher-Johns apparatus and are uncorrected. 1 H NMR and 13 C NMR spectra were recorded on Varian VNS (600 MHz and 150 MHz, respectively) spectrometers in CDCl 3 . Chemical shis for protons were reported as parts per million in d scale using solvent residual peak (CHCl 3 : 7.24 ppm) as internal standard. Chemical shis of 13 C NMR spectra were reported in ppm from the central peak of CDCl 3 (77.00 ppm) on the d scale. Fourier transform infrared (FT-IR) spectra were recorded on a Perki-nElmer FT-IR spectrometer Spectrum Two™. High-resolution mass spectra (HRMS) were obtained with a JEOL JMS-700 spectrometer at the Korea Basic Science Institute.
General procedure for the synthesis of isochromenoquinolinone, pyridopyranoquinolinone, thienopyranoquinolinone, and indolopyranoquinolinone derivatives (3) (4) (5) (6) (7) (8) (9) (10) (11) In an oven dried two-necked ask, a mixture of benzamide 1 (0.5 mmol) and 3-diazo-N-substituted quinoline-2,4-dione 2 (0.5 mmol) were dissolved in DCE (5 mL). This was then followed by addition of [RhCp*Cl 2 ] 2 (2.5 mol%), and AgOAc (2.0 equiv.) under nitrogen atmosphere. The reaction mixture was stirred under reux condition, and the progress of the reaction was followed by TLC analysis. Aer completion, the reaction mixture was cooled to room temperature. The volatiles were removed in vacuo and the residue was puried by silica gel column chromatography (Hex : EtOAc ¼ 1 : 5) to obtain the desired products 3-11. 
